Lactation embodies a natural model of morphological, neurochemical, and functional brain plasticity. In this reproductive stage, the hippocampus of the female is less sensitive to excitotoxins in contrast to nulliparity. Growth hormone (GH) and insulinlike growth factor 1 (IGF1) are known to be neuroprotective in several experimental models of brain lesion. Here, activation of the GH-IGF1 pituitary-brain axis following kainic acid (7.5 mg/kg i.p. KA) lesion was studied in lactating and nulliparous rats. Serum concentrations of GH and IGF1 were uncoupled in lactation. Compared to virgin rats, the basal concentration of GH increased up to 40% but IGF1 decreased 58% in dams, and only GH increased further after KA treatment. In the hippocampus, basal expression of GH mRNA was higher (2.8-fold) in lactating rats than in virgin rats. GH mRNA expression in lactating rats increased further after KA administration in the hippocampus and in the hypothalamus, in parallel to GH protein concentration in the hippocampus of KA-treated lactating rats (43% vs lactating control), as detected by Western blot and immunofluorescence. Except for the significantly lower mRNA concentration in the liver of lactating rats, IGF1 expression was not altered by the reproductive condition or by KA treatment in the hippocampus and hypothalamus. Present results indicate upregulation of GH expression in the hippocampus after an excitotoxic lesion, suggesting paracrine/ autocrine actions of GH as a factor underlying neuroprotection in the brain of the lactating dam. Since no induction of IGF1 was detected, present data suggest a direct action of GH.
Introduction
In mammals, motherhood is accompanied by diverse adaptations as well as neural and behavioral plasticity, helping the female to cope with the demands of reproduction (1, 2, 3) . These adaptations confer neuroprotection to the hippocampus of the dam against excitotoxic damage caused by kainic acid (KA) administration during lactation (4, 5, 6) . KA acts as a neurotoxin inducing necrosis and apoptosis by generating reactive oxygen species and mitochondrial function disruption (7) in sensitive zones with high glutamate receptor concentration such as the hippocampus (8, 9) .
Lactation is characterized by fluctuation of several hormones including growth hormone (GH) (10) . GH is secreted mainly by the anterior pituitary gland, and it is known to regulate development and growth in vertebrates. During lactation, GH and other metabolic hormones increase to modulate the growth and metabolic features of the mammary gland (11) , enhancing galactopoiesis in numerous mammalian species (12) . GH is also synthesized in several, if not all, extra-pituitary tissues, including the nervous (13) , immune (14) and reproductive systems (15) . GH (protein or mRNA) is widely distributed in many brain regions, particularly in the hypothalamus (16) and hippocampus (17) , both in neurons and in glial cells (18) , indicating autocrine/paracrine actions involved in the regulation of neural growth, development and differentiation as well as in neurotransmission, behavior, neuroprotection and neuroplasticity (19, 20, 21) .
Neuroprotective actions of GH have been studied in response to trauma, stroke and hypoxic-ischemic brain injury. GH enhances tissue repair and the recovery of some neuronal functions (22, 23) . These actions can take place by binding of GH to its specific receptor (GHR), which is present in different regions of the CNS (24, 25) . GH binding can have a direct effect on the target cell (26) or can be mediated by the induction of IGF1 synthesis (27, 28) , which has been implied as neuroprotective.
To date, it remains unknown whether GH and IGF1 expression in the hippocampus and hypothalamus is modified by lactation, and whether these hormones could have a role as neurotrophic factors in neuroprotection after acute damage induced by KA lesion. Thus, in this study, we determined the expression of the GH-IGF1 system (mRNA and protein) in brain regions vulnerable to excitotoxic injury as well as their serum concentration.
Materials and methods

Animals
Adult virgin (200-250 g) or pregnant (250 g; 18 days) female Wistar rats were housed individually under a 12:12-h light/darkness cycle, with controlled temperature and lighting conditions, and food and water available ad libitum. One day after parturition, litter sizes were culled to ten. Mothers were used for experiments on postpartum (pp) days [14] [15] [16] [17] [18] [19] . Vaginal smears of virgin rats were followed for at least four estrous cycles. The Institutional Animal Care and Use Committee of the Institute of Neurobiology at UNAM approved all experimental protocols. Animals were handled in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Experimental design
One group of nulliparous or lactating rats (n = 11 per group) received 7.5 mg/kg of KA (Sigma-Aldrich) i.p. (nulliparous-KA and lactating-KA) or vehicle (nulliparousvehicle, lactating-vehicle) and were killed 24 h later by an i.p. overdose of 20% urethane (2-3 mL) (4, 29) . The pituitary gland, hypothalamus, hippocampus and liver were quickly dissected, frozen on dry ice and kept at −70°C until further processing. Whole blood was taken for serum measurements. Other groups of rats with similar experimental treatments were processed and perfused (see below) for histological analysis. We characterized hypothalamic damage by TUNEL and Fluoro-Jade C staining, and we observed high apoptosis and neurodegeneration in the arcuate nucleus of nulliparous rats compared to lactating rats (unpublished data).
Determination of GH and IGF1 concentration by ELISA
Trunk blood was immediately collected in tubes for serum isolation (BD Vacutainer, BD Diagnostics, NJ, USA). Blood was centrifuged (3000 g at 4°C for 15 min) to obtain serum. Aliquots were stored at −70°C. Serum GH was measured by competitive enzyme-linked immunosorbent assay (ELISA), as previously described (30) . Briefly, 12 ng of rat recombinant GH (National Hormone and Peptide Program, NIDDKD, San Diego, CA, USA) were used to coat microtiter plates overnight at 4°C. After washing, we added the standards or samples (20 µL of serum). The primary antibody, a rabbit polyclonal anti-rat GH (Millipore), was used at a final dilution of 1:60,000. Later, the secondary antibody, a horseradish peroxidaseanti-rabbit immunoglobulin G conjugate (Invitrogen) was used at a dilution of 1:3000 in 1% (w/v) nonfat dry milk in TPBS (0.01 M sodium phosphate, 0.15 mM NaCl, 0.05% w/v Tween 20, pH 7). Bound secondary antibodies were then detected by reaction with HRP substrate (2,20-amino-di-[3-ethyl-benzothiazoline sulfate] (ABTS); Roche Diagnostics). All determinations were performed in triplicate. The inter-and intra-assay coefficients of variation were <4%.
GH immunoreactivity in tissue extracts from the pituitary, hypothalamus and hippocampus was detected as reported elsewhere (30) to homogenate the tissue during 1 min on ice. Later, total proteins (0.3 µg for pituitary, 30 µg for hippocampus, and 50 µg for hypothalamus) were subjected to competitive ELISA as described earlier.
Serum-free IGF1 was quantified using a sandwich ELISA kit (ALPCO Immunoassays, Salem, NH, USA) according to the manufacturer's instructions. Determinations were performed in duplicate, using 50 µL of serum (diluted 1:400 in sample buffer) per well, with inter-and intraassay coefficients of variation <5%. For measurement of IGF1 content in the tissue, we followed the previously reported method (30) with minor modifications. In short, 400 μL of cold 1X RIPA buffer (Cell Signaling Technology) supplemented with Complete were added to liver fragments (~5 mm 3 ) and the suspension was homogenized 5 times and centrifuged at 12,000 g for 20 min at 4°C. The supernatant was transferred to a new tube to remove significant lipid fraction, and it was subjected to a second centrifugation for 10 min. For whole hippocampus and hypothalamus, 150 μL of cold RIPA buffer supplemented with Complete Protease Inhibitor Cocktail were added and homogenized as described earlier, with one centrifugation at 12,000 g for 20 min at 4°C. The supernatant was aliquoted and stored at −70°C. Protein content of the three tissues was quantified by a microassay procedure based on the Bradford method following the supplier's instructions (Bio-Rad). Total soluble protein amounts (15 μg for the hypothalamus, 25 μg for the hippocampus, and 5 μg for the liver) were subjected to ELISA as described earlier, and results were plotted as ng of IGF1 per μg of tissue protein.
GH and IGF1 gene expression: RNA extraction and cDNA synthesis
Total RNA was extracted from whole hypothalamus, hippocampus, pituitary and liver pieces (5 mm 3 ) per experimental individual using PureLink RNA mini kit (Ambion, Life Technologies). Genomic DNA contamination was removed from the column with the PureLink DNase (Invitrogen, Life Technologies). First-strand cDNAs were synthesized from 2 µg total RNA using 100 U of Superscript II reverse transcriptase (Invitrogen, Life Technologies), 0.5 µg oligo d(T), 0.5 µg random hexamers and 1 mM dNTPs for 50 min at 42°C followed by 15 min at 70°C.
Quantification of GH and IGF1 mRNA gene expression
The relative abundance of GH and IGF1 mRNA expression was normalized with the endogenous reference genes hypoxanthine phosphoribosyl-transferase (HPRT) (31) and ribosomal protein S18 (RPS18) (32) . Specific oligonucleotides were designed using Primer 7 software (Cascade, CO, USA) ( Table 1 ). All real-time PCR reactions were carried out in a Roche LigthCycler 2.0 instrument (Roche Diagnostics) and using LigthCycler FastStart DNA Master SYBR Green I (Roche) in a final volume of 10 µL containing: 3 µL of cDNA (dilution 1:3 for hypothalamus and hippocampus, 1:5 for pituitary gland and 1:10 for liver), 2.5 mM MgCl 2 and 0.5 µM of each primer. The reactions were performed under the following conditions: initial denaturation at 95°C for 10 min followed by 40 cycles of 95°C for 10 s, 65°C (for GH and IGF1) or 60°C (for HPRT and RPS18 oligonucleotides) for 10 s and 72°C for 15 s. The dissociation curve was run after each real-time PCR experiment to ensure that there was only one amplification product. Finally, the amplified product was sequenced to verify its identity. The relative expression of GH and IGF1 mRNAs was calculated using the comparative threshold cycle (CT) method and employing the formula 2 −∆∆CT (33), where quantification is expressed relative to the geometric mean of HPRT and RPS18 (34) .
Histology
Rats were deeply anesthetized with a urethane overdose and transcardially perfused with 4% paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) (pH 9.5, 10°C). Brains were removed, postfixed overnight and cryoprotected in 30% sucrose-PBS solution at 4°C. Coronal sections (30 μm thick) were cut along the dorsal hippocampus on a freezing microtome (Leica 2000R), and five series were collected and stored in cryoprotectant solution (30% ethylene glycol and 20% glycerol in PBS) at −20°C. One series was analyzed using each of the staining methods. 
Statistical analysis
Values were averaged by group and analyzed by GraphPad Prism, version 6.01 (GraphPad Software) to conduct a two-way ANOVA to determine whether factors, such as reproductive status and treatment, conferred statistical differences among groups. Then, a post hoc analysis was performed with the Tukey's test. Pair comparison was estimated using Student's t-test (statistical significance was established at P < 0.05). Data were plotted on bar graphs and data are expressed as mean ± s.e.m.
Results
Systemic GH-IGF1 axis is distinctly modulated by reproductive status and KA insult
Serum concentration of GH (Fig. 1A ) and free IGF1 (Fig. 1B) were determined in vehicle-or KA-treated nulliparous and lactating rats, respectively. Basal serum GH increased significantly by lactation (40%) as compared to virgin rats (P < 0.05), and it increased further after KA treatment (72%, P < 0.001 vs virgin rats). The two-way ANOVA confirmed that the reproductive condition affected the response to the treatment (F(1,26) = 25.52; P < 0.0001), showing enhanced GH release in lactating rats. In contrast (Fig. 1B) , the free IGF1 serum concentration in both control and KA-treated lactating rats significantly decreased by 58% (P < 0.01 vs nulliparous-vehicle) and 48% (P < 0.05 vs nulliparous-KA), respectively. The twoway ANOVA showed significant differences due to the reproductive status, F(1,12) = 31.71; P < 0.0001.
Relative GH gene expression in pituitary gland, hippocampus and hypothalamus
Assessment of GH relative gene expression showed a significant decrease of GH mRNA in the pituitary gland (3.12-fold, P < 0.001) and hypothalamus (11.1-fold, P < 0.001) of lactating rats ( Fig. 2A and C) compared to virgin rats. The two-way ANOVA for pituitary GH mRNA expression showed significant differences depending on the reproductive status (F(1,32) = 56.06; P < 0.0001) and on the interaction between reproductive status and treatment (F(1,32) = 5.84; P < 0.05). In contrast, lactation triggered a 2.8-fold (P < 0.05) increase in GH mRNA levels in the hippocampus (Fig. 2B) . KA treatment differentially affected GH expression in the analyzed tissues. KA in the pituitary gland of nulliparous rats significantly decreased GH mRNA (1.34-fold) vs nulliparous vehicle (P < 0.05). This response to the excitotoxin was absent in lactating rats. GH mRNA levels in the hippocampus of lactating rats increased 7.6-fold (P < 0.001) after KA vs nulliparous-KA rats and increased 2-fold (P < 0.05) vs lactating control (Fig. 2B) . The two-way ANOVA showed significant differences based on reproductive status (F(1,32) = 28.66; P < 0.0001) and on the interaction between reproductive status and treatment (F(1,32) = 6.94; P < 0.05). No lesion effects were detected in the hippocampus of nulliparous rats.
KA injection induced a significant 3.3-fold (P < 0.01) decrease in GH mRNA relative gene expression in the hypothalamus of virgin rats (Fig. 2C ) compared to virginvehicle group, while KA administration to lactating rats induced a 4.2-fold (P < 0.01) increase in GH mRNA relative gene expression vs the lactating-vehicle group. The two-way ANOVA showed the significant effects of In order to correlate GH protein content to GH mRNA in the analyzed tissues, concentration of GH, as determined by ELISA, was normalized to total protein in the pituitary gland, hippocampus and hypothalamus of virgin and lactating rats (Fig. 3 ). Pituitary and hypothalamic GH remained unchanged regardless of the treatments (Fig. 3A and C) , but KA treatment significantly increased GH content in the hippocampus of lactating rats (43%, P < 0.05) compared to lactating control (Fig. 3B) . The two-way ANOVA showed an interaction between reproductive status and treatment factors (F(1,12) = 5.99; P < 0.05).
Relative gene expression of IGF1 mRNA and protein in liver, hippocampus and hypothalamus
To determine whether IGF1 would increase in parallel with GH and thus mediate its effects, we quantified IGF1 mRNA levels in the main site of synthesis, the liver, as well as in the hippocampus and hypothalamus of rats in the different experimental groups. Hepatic levels of IGF1 were influenced by the reproductive status. The liver of lactating rats showed significantly reduced levels of IGF1, both in control (4.3-fold, P < 0.001) and in KA-treated (4.8-fold, P < 0.001) groups compared to corresponding nulliparous groups (Fig. 4A) . The two-way ANOVA showed significant differences based on reproductive status (F(1,12) = 380.63; P < 0.0001) and treatment (F(1,12) = 6.62; P < 0.05). No differences were observed between relative gene expression of IGF1 in the hippocampus or hypothalamus based on the reproductive condition or KA treatment ( Fig. 4B and C) .
Quantification by ELISA showed no significant changes in IGF1 content normalized to hepatic protein in response to the reproductive condition or KA treatment (Fig. 5A) . No changes in IGF1 concentration were detected in the hippocampus or in the hypothalamus; and as expected, IGF1 content was much lower than that in the liver (Fig. 5B and C) .
GH immunolocalization
The immunohistochemical analysis revealed that GH immunoreactivity increased in the dentate gyrus of lactating rats treated with KA. Fig. 6 (upper panels) shows similar immunoreactivity and distribution that labeling for GH is in the granular cell layer (GCL) and hilus in dentate gyrus of nulliparous rats that received KA or vehicle, whereas KA strongly upregulated GH immunofluorescence in lactating dams (lower panels, Fig. 6 ), and similar results were observed in CA1 and CA3 (data no shown). 
Discussion
The present research aimed to study responses of the GH/ IGF1 axis during lactation and after a brain lesion induced by excitotoxins, which would suggest involvement in neuroprotective actions (2, 5, 35, 36) . Findings showed that GH/IGF1 circulating levels were uncoupled. Serum GH increased, while IGF1 concentration decreased in lactating rats. Suckling stimulation provided by the litter produces a rapid and transient increase of plasmatic GH in lactating rats on 9-10 pp (37). This increase was observed throughout lactation, since we employed dams on 14-19 pp. Another study has shown increased plasma GH in rats during pregnancy but returned to basal levels in early lactation (day 8 pp). Moreover, plasma IGF1 decreased in pregnancy and remained unchanged in early lactation (38) . These results are in contrast with ours, perhaps due to the stage of lactation: early vs late lactation (days [14] [15] [16] [17] [18] [19] , but the present study include diestrus virgin rats to compare GH or IGF1 levels to those of lactating rats (against non-lactating postpartum day 8 rats used by Escalada and coworkers (38) . However, another study (39) showed that serum IGF1 concentrations and hepatic mRNA both decreased in mid-pregnancy and early lactation in mice, in contrast to GH levels in both reproductive stages; this reinforces our results regarding solely to divergence observed between increased serum GH during late lactation and decreased serum IGF-1 in this period. The contribution of peripheral GH to brain tissue levels is important because transport of this hormone through the blood-brain barrier (BBB) has been shown (19, 40) . Moreover, KA excitotoxic damage increases the permeability of BBB in the hippocampus (41), which would allow circulating GH into the brain. The GH/IGF1 ratio observed during middle and late lactation has been suggested as a GH-resisting state by Escalada and coworkers (38) , who also found reduction in liver GHR mRNA in pregnant and early lactating rats. In agreement with our results, serum IGF1 on lactation days 12-14 has been reported as low as those of virgin rats (42) . This GH-resisting state could explain the high GH/low IGF1 ratio found in the present study, and we hypothesize this could be due to the increased metabolic demands in lactating rats. Differences in the GH/IGF1 ratio due to changes in the metabolism have been demonstrated in fasting models where serum GH increased while levels of IGF1 are diminished (43) .
Nevertheless, present results showed low relative GH gene expression and no effect of acute excitotoxic treatment in the pituitary gland of lactating rats (Fig. 2A) . The lack of relationship between plasma and pituitary GH could result from a negative feedback of high levels of circulating GH upon its own transcription via negative short-loop regulation through hypothalamic somatostatin (SST, 44). In nulliparous rats, GH mRNA decreased after KA treatment, suggesting more sensitivity of the pituitary gland to excitotoxic damage (29) . In contrast, GH content in the pituitary was not altered by lactation or KA administration. Escalada and coworkers (38) showed that pituitary GH content in early lactation was lower than in non-suckling rats, and they used a semiquantitative method to show that GH mRNA did not undergo significant modifications. In the present study, a quantitative method was utilized to determine GH mRNA levels. GH expression in lactating rats was lower than that in virgin rats. Interestingly, significant changes in GH expression were observed in the hippocampus. GH mRNA in the whole hippocampus of lactating rats was higher than that of nulliparous rats. Relative GH mRNA amount particularly increased after acute KA treatment in the hippocampus of lactating rats. In addition, we found that GH immunoreactivity (GH-IR) located in the dentate gyrus of the hippocampus of female rats after kainic acid (KA) or vehicle (Veh) administration. Representative confocal microphotographs stained for GH and secondary antibody goat anti-rabbit IgG Cy3 (red), counterstained with DAPI (blue) and merged for the different experimental groups (N, nulliparous; Lac, lactating rats). Increased GH-IR was detected in the hippocampus of lactating KA rats. Scale bar = 100 µm.
GH immunoreactivity augmented in the dentate gyrus of lactating rats treated with KA (Fig. 6) , reflecting a high relative GH mRNA expression in the hippocampus. In previous studies, we found that the main areas of the dorsal hippocampus affected by KA in nulliparous rats were the CA1 and the hilus of the dentate gyrus, with high levels of apoptosis and neurodegeneration, in contrast to hippocampus of the lactating dams (2, 4, 19) . Thus, these data suggest that GH may play an autocrine/paracrine role as a survival factor (19, 45) , possibly interacting with the positive regulation of hippocampal GH expression by estradiol (46) . Concerning GHR, its expression in the hippocampus of male rats (18) has been reported, as well as changes in GHR expression in peripheral tissues during pregnancy and lactation (38, 47) . However, further analysis of GHR through lactation in murine hippocampus is needed.
The potential role or synergism of GH with other mitogens in the recovery of neuronal injury is not fully elucidated (48) . Studies in male rats have shown that acute KA and exogenous GH stimulate the proliferation of hippocampal precursors and upregulate local GH mRNA and protein expression (48) . Our results provide evidence of the possible role of local hippocampal GH expression as one of the factors underlying neuroprotection in lactation, but further research on the molecular mechanisms that regulate GH gene transcription in this tissue is required.
Regarding GH mRNA in the hypothalamus, both basal and KA-induced levels of expression were different depending on the reproductive status. Basal level was high in nulliparous rats and low in lactating rats. Meanwhile, KA lesions provoked a reduction in nulliparous rats and a 4.2-fold increase in lactating rats. In parallel, we quantified GH protein content in the hypothalamus and did not find changes. This can be explained in part by the low expression level of GH protein per total protein tissue, which was <1% of that found in the pituitary gland.
A primary GH action is the promotion of IGF1 synthesis and release, which mediates some effects of GH (49) . Circulating concentration and hepatic expression of IGF1 mRNA were decreased in lactatingvehicle and lactating-KA groups compared to virgin rats. Moreover, the acute KA injection had no effect on reproductive condition. Unlike GH in the hippocampus of lactating rats, we observed no changes in hippocampal IGF1 synthesis in the experimental groups. This result indicates that potential GH action during hippocampal neuroprotection would be direct and non-mediated by IGF1 (50) . Similarly, neuroprotective effects of GH in the hypoxic-ischemic brain injury model are not mediated by IGF1 (26) . Nevertheless, chronic treatment with GH caused an augmented synthesis of IGF1 mRNA in the hypothalamus and hippocampus of male rats, along with cell survival and neuroprotective pathway activation (51) . Moreover, intrahippocampal administration of IGF1 with KA showed neuroprotective effects (52) . It has been shown that GH has protective effects on the cerebellum of chicken embryos subjected to hypoxia-ischemia conditions by increasing the concentration of survival factors such as Bcl-2 and p-Akt (53) . Furthermore, administration of GH, or its local overexpression, promotes cell survival and IGF1 expression in quail retinal ganglion cell lines (QNR/D) exposed to excitotoxic conditions (54) . Also, both endogenous GH and IGF1 expression were significantly increased in the iguana neuroretina in response to KA injury, and it was shown that GH was able to exert, either directly or mediated by IGF1, a neuroprotective action against excitotoxic damage (55) .
Conclusion
Present studies demonstrate that the GH/IGF1 axis responds to lactation and acute KA lesions. The later upregulates GH mRNA and protein expression in the hippocampus, particularly in the dentate gyrus, without modifying IGF1 expression. This suggests that local GH might play a role in hippocampal neuroprotection against excitotoxic damage. Further analysis is needed to quantify the presence and anatomical distribution of GHR in the hippocampus of the lactating rat, and the intracellular pathways that mediate its actions. Consideration should be given to the crosstalk with prolactin signaling, since GH seems to signal via the prolactin receptor to promote the migration of neurogenic radial glia from fetal human forebrains (56) .
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